The challenge in determining the responsiveness of the versus aversive stimuli.
Introduction degree as rewarding ones. Here, we have circumvented this challenge by using brief intraoral delivery of reSuccessful feeding is accomplished by approach towarding sucrose and aversive quinine solutions. These ward and consumption of nutritive substances and solutions elicit ingestive and aversive oromotor behaavoidance and rejection of potentially dangerous ones.
vior in the taste reactivity paradigm (Grill and Norgren, To be successful, some brain systems must be able to 1978). In addition, we paired unique audiovisual cues differentiate between rewarding and aversive stimuli, as to each tastant so that rats would learn an association well as incorporate learned associations into their probetween cue presentation and tastant delivery in a cessing to direct appropriate feeding behavior. were administered a block (30 trials) of cue-sucrose EMG activity of the anterior digastric alone, although informative, does not give a complete picture of the and a block (30 trials) of cue-quinine pairings in a single behavioral response to quinine infusions. recording session. On a given trial, a change in lighting coupled with an auditory stimulus (cue) was adminis-EMG Activity Reflects Learning tered for 6 s. Unique cues were used for each tastant of Cue-Tastant Associations and were counterbalanced across rats. Immediately afOur second goal was to determine whether behavioral ter cue termination, an infusion pump turned on for 6 s (EMG) responses to the stimuli preceding sucrose and to deliver 200 µl of solution directly into the oral cavity quinine infusions developed-that is, whether these of the rat. After each infusion, there was a variable instimuli became conditioned stimuli during this first day tertrial interval (30-60 s) (see Experimental Procedures of testing. We used several measures to determine for details). This intraoral delivery permits the characwhether this conditioning occurred. First, we measured terization of NAc responses to rewarding and aversive latency to first burst relative to pump onset (see Experitaste stimuli without any prior exposure or training. In mental Procedures for details). On the first trial in all addition, it permits the administration of equal numbers rats tested, almost no EMG activity was evident during and durations of exposures to rewarding and aversive the cue period. Instead, for sucrose and quinine infustimuli. Finally, since stimuli are delivered to the rats sions, EMG activity increased in the seconds after the independently of their behavior, no food or water depripump turned on to deliver intraoral infusions (see Figvation Figure 1E , averages across all rats). For to the unconditioned stimuli (i.e., sucrose and quinine quinine, EMG activity was suppressed such that it beinfusions). Recordings from the anterior digastric musgan later and later relative to pump onset ( Figure 1D cle showed marked increases in electromyographic
[bottom] for example; Figure 1F , for averages across all (EMG) activity during intraoral infusions. The average rats). As can be seen in Figures 1E and 1F , the latency (n = 6 rats) unconditioned EMG activity across each to first burst changed over the course of both sucrose block of 30 trials (i.e., sucrose and quinine blocks) is and quinine sessions. Positive values for latency reflect shown in Figures 1A and 1B . The activity during 6 s EMG bursts that began during the intraoral infusion, from −12 s to −6 s relative to pump onset served as while negative values reflect EMG bursts that began baseline. For baseline and infusion periods, EMG activduring the cue period before the infusion started. For ity was binned into 1 s epochs, and a one-way ANOVA sucrose, latency rapidly decreased over the first few with repeated measures was performed. For sucrose trials until rats consistently began engaging in oromotor infusions ( Figure 1A ), there was a significant effect of behavior during the cue period by the fourth trial (Figure time on EMG activity [F(11,55) = 8.035; p < 0.0001]. To 1E). For quinine, the opposite trend emerged. Over the determine when EMG activity was first significantly elecourse of the session, rats began suppressing oromovated relative to baseline, Student's t tests using Bontor behavior such that the first burst occurred much ferroni's correction were used to compare each 1 s eplater relative to the start of the intraoral infusion. These och after pump onset with the first second of baseline. data support the idea that rats rapidly form an associa-EMG activity was significantly elevated by the third setion between cues and sucrose infusions. When quinine cond after pump onset [t(5) = 3.82; p < 0.05]. For quidata were analyzed using a different method, evidence nine infusions ( Figure 1B) , there was also a significant of a learned association between cues and quinine ineffect of time on EMG activity [F(11,55) = 5.243; p < fusions emerged. As can be seen in Figure 1G , on indi-0.0001]. Again, Student's t tests revealed that EMG acvidual trials in individual rats, the cue paired with quitivity was significantly higher in the third second after nine evoked EMG activity (i.e., gapes there was increased EMG activity during the cue on the It is very important to note that while rats respond to 2nd trial and for several trials thereafter ( Figure 1H ). intraoral infusions of sucrose almost exclusively with This increase was transient, and by the 10th trial, no ingestive responses that involve contractions of the anincrease was observed. These data indicate that the terior digastric muscle (i.e., mouth movements, tongue rats did, indeed, make an association between the cue protrusions, etc.), the response to quinine is typically and quinine infusions, but the behavioral expression of very different. For the strong concentration of quinine it was more subtle and transient than that for sucrose. used here, rats typically emit gapes (which require contractions of the anterior digastric muscle) but also enNAc Neurons Respond to Rewarding and Aversive gage in a set of body movements, such as chin rubbing Unconditioned Stimuli to expel the fluid, that do not involve contractions of We sought to determine the relationship between NAc cell firing and behavior: (1) during tastant infusion (i.e., the anterior digastric (Grill and Norgren, 1978). Thus, Figure 3 . For between blocks of trials. As can be seen in Figure 2 , cells recorded during both sucrose and quinine blocks most response types, there was an initial, brief excitatory response that preceded a subsequent response responded to intraoral infusions with either phasic inhibitions or excitations. Typically, if a cell responded to during the intraoral infusion. The initial response is likely due to cue offset rather than the intraoral infusucrose, it did not respond in the same way for quinine (Figures 2A and 2B) . Likewise, if a cell responded to sions and is further explored below. Sucrose-inhibitory responses (n = 39; Figure 3 [top left]) exhibited a quinine, it did not respond to sucrose in the same way ( Figure 2D) . On a few occasions, we recorded cells that marked decrease in average firing rate in the seconds after the pump turned on [F(11, 418) = 7.93; p < 0.0001]. had similar responses to both sucrose and quinine (Figure 2C) . Relative selectivity of NAc responses will be Post hoc t tests with Bonferonni's correction revealed that the average firing rate in the third, fourth, and fifth characterized further below.
The proportions of cells that exhibited inhibitions verseconds after pump onset were significantly lower than the average firing rate in the second before the cue onsus excitations were different between sucrose and quinine. For sucrose, 52 of 102 cells (51%) exhibited a set, which served as baseline (−7 to −6 s relative to A final goal of this study was to determine whether the same pool of neurons exhibit phasic changes to audiovisual stimuli paired with each tastant (i.e., conditioned found that neurons that responded with an inhibition stimuli). As can be seen in Figure 6 , cells recorded durfor sucrose exhibited a response on the first three trials ing both sucrose and quinine blocks responded to cues (average signal-to-baseline ratio = 0.58) as did neurons with either phasic inhibitions or excitations. Typically, if that exhibited an excitatory response for sucrose a cell responded to the cue for sucrose, it did not re-(average signal-to-baseline ratio = 1.56). Likewise, neuspond in the same way for quinine ( Figures 6A and 6B ). rons that responded with an inhibition for quinine exLikewise, if a cell responded to the cue for quinine, it hibited a response on the first three trials (average did not respond to sucrose in the same way (Figures signal-to-baseline ratio = 0.59) as did neurons that ex-6C and 6D). We also recorded cells that had similar rehibited an excitatory response for quinine (average sigsponses to both sucrose and quinine cues. Relative senal-to-baseline ratio = 1.91). Thus, NAc neurons were lectivity of NAc responses to sucrose-and quinineinnately responsive for primary rewarding and aversive associated cues will be characterized further below. taste stimuli. sentation was significantly higher than the average firthemselves. Indeed, of the 42 neurons that responded to the cue for sucrose, the overwhelming majority also ing rate in the second immediately preceding cue presentation [t(26) = 7.15; p < 0.001]. Note that for both responded to the sucrose infusion as well. For the 16 S-C-I cells, 14 also responded to the sucrose infusion S-C-E and Q-C-E cells the robust, peak increase in firing rate occurred at 200 and 300 ms after cue onset, with an inhibition, whereas one responded with an excitation and one did not respond to the sucrose infusion. respectively. There was a second robust increase in firing rate for these cells just shortly after cue offset (400 For the 26 S-C-E cells, 11 also responded to the sucrose infusion with an inhibition, whereas eight reand 300 ms for S-C-E and Q-C-E cells, respectively; data not shown). This response is actually evident in sponded with an excitation and seven did not respond to the sucrose infusion. For the 12 Q-C-I cells, four also the average perievent histograms for responses to the intraoral infusions (see Figures 3 and 4) . This second responded to the quinine infusion with an inhibition, whereas two responded with an excitation and six did increase in firing rate is likely due to cue offset rather than a response to the intraoral infusion, since it occurs not respond to the sucrose infusion. For the 27 Q-C-E cells, one also responded to the quinine infusion with so rapidly relative to pump onset and before the infusion-related increase in EMG activity (see Figure 1) . an inhibition, whereas 13 responded with an excitation and 13 did not respond to the quinine infusion. Many of the cells that had responses for cues signaling sucrose delivery also responded to quinine cues.
From inspection of several individual cells that responded to the cue for sucrose, it appeared that The greatest degree of overlap occurred for cells exhibiting excitatory responses. Of the 26 cells that rechanges in cell firing time-locked to the cue were not present on the first few trials but developed over the sponded with an increase in firing rate to the cue for sucrose, 13 (50%) responded in a similar manner for block (see Figure 6B [left] for example). This would suggest that NAc cells do not innately respond to the senthe quinine cue (two cells had inhibitory responses, and 11 were nonphasic for the quinine cue). Likewise, of the sory features of the cues, but rather to their association with infusions. To determine if cue-evoked changes in 27 cells that responded with an increase in firing rate to the quinine cue, 13 (48%) responded in a similar NAc cell firing indeed developed over trials, a signalto-baseline ratio was calculated across the first ten trimanner for the sucrose cue (one cell had an inhibitory response, and 13 were nonphasic for the sucrose cue). als for each type of NAc response. To determine signalto-baseline ratio, the average firing rate in the first For the cells with similar excitatory responses for sucrose and quinine cues, the magnitude of the response was second after cue onset was divided by the average firing rate in the second immediately preceding cue ongreater for sucrose cues than quinine cues (average firing rate for baseline: 2.32 ± 0.66 versus 2.35 ± 0.71, set. As seen in Figure 8 
001). The other pattern types (S-C-I, Q-C-E, and Q-C-I) did not nificant.
Many of the NAc cells that responded to cues preshow this relationship over the first ten trials (data not shown). It is quite possible that quinine cue responses dicting taste stimuli also responded to the taste stimuli 
s). Four types of responses were characterized: sucrose-cueinhibition (S-C-I: 16 of 102 NAc cells, top left); sucrose-cue-excitation (S-C-E: 26 of 102 NAc cells, top right); quinine-cue-inhibition (Q-C-I: 12 of 98 NAc cells, bottom left); and quinine-cue-excitation (Q-C-E: 27 of 98 NAc cells, bottom right).
make an association between cues and sucrose infusions. It is intriguing that both EMG activity and S-C-E neural activity appear to be changing relative to cue presentation over the same subset of trials. To investigate whether the development of S-C-E activity is related to the decreasing latency of first EMG burst, the signal-to-baseline ratio was plotted against latency to first burst for the first ten trials (Figure 8 [right] ). There was indeed an inverse relationship between S-C-E signal-to-baseline ratio and latency to first EMG burst EMG data strongly support the idea that rats rapidly Here, far less EMG activity was generated by quinine were directly correlated with oromotor activity-invokthan by sucrose. Undoubtedly, much of the EMG reing the ideas of Mogenson that the NAc is a center sponse to quinine infusions consisted of gapes, which for converting limbic information into motor commands involve activation of the anterior digastric muscle, just (Mogenson et al., 1980) . The data also demonstrate as licking does (Travers and Norgren, 1986). Thus, if that, while similar proportions of neurons within the NAc output contributes to the motor response to inNAc were responsive to aversive as well as rewarding traorally infused tastants (as the data here would sugtaste stimuli, there was a striking disparity in the direcgest), it is not surprising that we observed a segregation of firing rate changes. 
(A) Example of a sucrose-cue-inhibitory (S-C-I) cell. The response of this cell to the cue predicting sucrose infusions was a clear inhibition (left). The same cell had an excitatory response to the cue predicting quinine infusions (right). (B) Example of a sucrose-cue-excitatory (S-C-E) cell. The response of this cell to the cue predicting sucrose infusions was a clear excitation (left). This same cell was unresponsive to the cue predicting quinine infusions (right). (C) Example of a quinine-cue-inhibitory (Q-C-I) cell. The response of this cell to the cue predicting quinine infusions was a clear inhibition (right). This same cell was unresponsive to the cue predicting sucrose infusions (left). (D) Example

